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VII.  ABSTRACT  OF  ACCOMPLISHMENTS 


The  URI  Center  for  Advanced  Electrical  and  Structural  Polymers  at  UMass  has 
sponsored  programs  in  five  thrust  areas  with  the  broad  theme  of  new  material 
development.  Electrical  and  optical  properties  have  been  investigated  in  two 
thrusts  in  which  the  main  focus  of  attention  has  been  the  conjugated  macromole¬ 
cule,  poly-e-phenylene  vinylene,  its  analogues,  derivatives,  copolymers  and 
blends.  The  potential  of  PPV  as  a  conducting  polymer  has  been  amply  demonstra¬ 
ted  and  more  recently  it  has  been  shown  that  this  polymer  has  relatively  high 
third  order  non-linear  optical  characteristics  and,  of  equal  importance,  can  be 
fabricated  into  oriented  films  and  into  blends  with  silica  glass  which  have 
optical  transmittances  commensurate  with  device  fabrication.  New  advanced 
ultrastructural  polymer  blends  are  the  subject  of  a  third  thrust.  Second 
generation  blends  based  on  polybenzimidazole/polyimide  blends  have  been  studied 
in  a  third  sub-program  in  collaboration  with  Celanese,  Lockheed  and  GE,  together 
with  a  new  system  based  on  polysulfone  and  polyimide  blends.  Both  of  these 
systems  were  investigated  in  terms  cf  their  macroscopic  thermodynamic  properties 
and  their  detailed  molecular-level  interaction.  The  use  of  several  advanced 
spectroscopies  have  been  developed  in  to  the  latter  sub-program.  The  novel 
architecture  and  characterization  thrust  contained  several  imitations  pertinent 
to  this  theme.  Studies  of  the  novel  "double  diamond"  structure  observed  in 
block  copolymers  have  been  conducted  by  Professor  Thomas  and  extended  to  new 
systems,  and  temperaturc/molecular  weight  regimes,  which  Professors  Kane  and 
Feld  have  synthesized  new  heteroatomic  low  molecular  and  high  molecular  weight 
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molecules  with  applications  in  the  structural  and  the  optical  areas  in  colla¬ 
boration  with  Wright-Patterson  Materials  Laboratory.  An  A. I.  processing  thrust 
is  described  in  which  advanced  computer  vision  technology  has  been  applied  to 
the  specific  care  of  spinodal  phase  decomposition  of  blends  in  real  time  to 
optimize  processing  parameters  in  terms  of  required  mechanical  properties. 
Processing  also  has  formed  the  focus  of  the  interaction  with  Foster  Miller, 

Inc.,  who  have  collaborated  in  novel  fabrication  methodology  applied  to  PPV, 
high  temperature  blends,  and  rigid-rod  polymers. 

Research  in  the  five  thrusts  described  above  was  dynamic;  in  many  cases  it 
has  overlapped  the  boundaries  of  the  sub-programs,  and  many  of  the  faculty  and 
researchers  involved  have  participated  in  several  of  the  areas  described. 

The  URI  program  has  played  a  major  role  in  education  and  in  acquiring 
advanced  instrumentation.  About  fifty  graduate  students  and  post-doctoral 
fellows  have  been  supported  and  about  $1,400,000.  of  capital  equipment  for  the 
UMass  and  Wright  State  programs  has  been  acquired.  At  both  campuses  the  URI  has 
had  major  impact. 


VIII.  DESCRIPTION  OF  RESEARCH  UNDERTAKEN 

1.  INTRODUCTION 

This  report  covers  the  first  twenty  three  months  of  the  operation  of  a 
Center  for  Advanced  Electrical  and  Structural  Polymers  at  the  University  of 
Massachusetts  sponsored  by  the  University  Research  Initiative. 

The  organization  of  this  URI  has  been  dynamic  and  has  evolved  over  the  two 
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years.  The  main  themes  are,  in  brief: 

1.  Resea-'-.ii  programs  in  the  context  of  the  overall  theme  have  been  organized 
into  five  thrust  areas. 

2.  Faculty  from  five  academic  departments  have  been  involved  in  cooperative 
sub-programs . 

3.  Two  major  extra-mural  sub-contractors  (Wright  State  University; 
Foster-Miller,  Inc.)  have  been  supported  from  the  inception. 

4.  An  intensive  continuing  interactions  with  numberous  outside  industrial/ 
academic/government  researchers  has  been  maintained. 

5.  The  educational  aspects  of  the  URI  through  the  support  of  graduate  stu¬ 
dents  and  postdoctoral  fellows  has  been  emphasized. 

6.  A  broad  program  for  the  acquisition  of  state-of-the-art  capital  instru¬ 
mentation  has  been  organized. 

7.  Major  cost  sharing  from  the  respective  institutions,  both  direct  and 
indirect,  has  been  a  central  feature  of  the  use  of  the  substantial  funds 
involved. 

Some  details  of  these  items  are  presented  below: 

i.  The  research  components  of  the  UMass  URI  have  been  organized  in  five  major 
thrusts  or  sub-programs : 

Electrical  and  Magnetic  Properties  of  Polymers 
Non-Linear  Optical  Properties  of  Polymers 
Advanced  U1 trastructural  Polymers 

Novel  Macromol ecul ar  Architecture  and  Characterization 


and 
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New  Processing  Technology 

Many  URI  participants  are  involved  in  more  than  one  thrust;  several  research 
activities  also  embrace  two  or  more  thrusts;  specific  examples  are  given  below. 

ii.  The  overall  organization  (as  of  October  1988)  is  shown  on  the  accompanying 
figure . 

iii.  Intensive  outside  interactions  include  those  with  Celanese,  NASA  Langley, 
Wright  Patterson  Material  s  Laboratory,  G.E.,  Lockheed  which  have  been  specifi¬ 
cally  involved  with  URI  sub-program.  However  at  least  forty  other  companies  has 
maintained  interactions  with  the  P.I.  and/or  faculty  associates  and/or  sub¬ 
contractors.  Thus  the  dissemination  of  URI  sponsored  activities  in  the  U.S. 
is  extremely  widespread. 

iv.  The  list  of  senior  and  junior  research  personnel  directly  supported  by 
URI  given  in  Sections  IV  and  V,  above.  However,  the  educational  impact  has  been 
much  broader,  for  example  through  the  cooperative  use  of  URI  funded  capital 
equipment  and  facilities. 

v.  A  partial  list  of  major  state-of-the-art  equipment  acquisitions  include: 

Wide-angle  X-ray  diffractometer  with  two-dimensional  detection 

300  MHz  solid  state  NMR 

High  resolution  FTIR  spectrometer 

Image  processing  facility  for  electron  microscope 

UHF  dielectric  spectrometer 

XPS  spectrometer 

Forced  Rayleigh  light  scattering  facility 


PERSONNEL 


FIGURE  1:  ORGANIZATION  OF  UMASS  URI  -  October  1988 
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Polymer  characterization  facility  at  Wright  State  University 
Thermogravimetri c/Mass  Spectrometer  Analysis  facility 
Molecular  interaction  computation  facility  (on  loan  to  WPAFB) 
Oynamic  mechanical  relaxation  spectrometer 
Heat  of  mixing  calorimeter 


For  most  items  listed  URI  provided  total  funding. 

vi.  The  cost  sharing  aspect  includes  the  provision  of  10,000  ft2  of  new  and 
renovated  lab/office  space  for  URI  at  UMass,  and  the  award  of  an  Academic 
Challenge  Grant  to  Wright  State  University  from  the  State  of  Ohio  for  the  deve¬ 
lopment  of  a  polymer  research  facility  which  has  resulted  in  the  hiring  of  new 
polymer  related  faculty. 

URI  funding  for  the  initial  period  has  supported  fully  or  in  part  research 
which  has  resulted  in  80  publications  which  have  appeared  or  are  in  press 
together  with  one  patent  application. 

Brief  summaries  of  research  in  the  five  sub-programs  follow: 

2.  ELECTRICAL  AND  MAGNETIC  PROPERTIES  OF  POLYMERS 


The  focus  of  this  sub-program  has  been  on  poly-p-phenylene  vinylene.  We 
have  pioneered  the  use  of  this  material  as  an  electrically  conducting  macromole¬ 
cule,  in  the  last  twelve  months  attention  has  been  paid  to  the  optical  -  in  par¬ 
ticular  the  third-order  non-linear  -  properties  of  PPV. 

PPV  is  synthesized  via  a  unique  polyelectrolyte  precursor  route.  This 
synthesis  has  several  distinct  advantages.  First  processing  the  polymer  to  form 
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one-,  two-  and  three-dimensional  forms  is  facilitated.  Thus  the  water  or  alco¬ 
hol  soluble  precursor  polymer  can  be  fabricated  by  more-or-less  conventional 
solution  processing  technology.  The  resulting  material  may  then  be  converted  to 
PPV  by  straightforward  thermolysis.  However,  during  the  latter  reaction  (at 
~200°C)  the  evolution  of  volatile  products  and  of  residual  solvent  produces  a 
transient  plasticization  which  permits  a  controlled  deformation  (e.g.  uni-  or 
bi-axial  orientation)  to  be  imposed  on  the  system.  This  has  been  explored  in 
detai 1 . 

We  have  undertaken  numerous  studies  of  PPV.  Selected  examples  are  sum¬ 
marized  below. 

a.  X-Ray  Photoelectron  Spectroscopy  and  Photoconductivity  of  PPV  (Karasz) 

The  electronic  structure  of  neutral  and  electrochemically  doped 
poly  (p-phenylene  vinyl ene)  (PPV)  have  been  examined  by  XPS  spectroscopy.  The 
C(ls)  core  level  spectra  of  doped  PPV  indicate  that  the  positive  charge  is  not 
uniformly  distributed  over  the  polymer  matrix.  The  electron  population  is  lower 
on  a  fraction  of  carbon  atoms  centers  resulting  in  a  dopant-related  component 
structure  displaced  1.6  eV  from  the  C(ls)  peak  towards  higher  binding  energies. 
MO  calculations  for  low  molecular  weight  analogues  of  the  PPV  backbone  with 
dopant  simulating  perturbations  of  the  valence  orbitals,  suggest  that  dopant 
coupling  involves  rearrangement  of  polymer  and  dopant  orbitals  to  yield  an 
energetically  favorable  structure  of  localized  defects.  In  the  valence  region 
the  XPS  spectra  of  neutral  PPV  shows  the  influence  of  the  condensed  polymeric 
phase.  Calculated  XPS  valence  level  spectra  on  the  base  of  states  derived  from 
the  tight  binding  model  of  the  conjugated  chain  have  been  found  to  be  essen- 
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tially  consistent  with  experiment.  In  the  25  mol%  doped  material,  the  XPS  peaks 
close  to  the  Fermi  level  are  similar  to  those  of  neutral  polymer  matrix  and  the 
detected  hole  states  are  more  consistent  with  a  disordered  molecular  solid  than 
a  one-dimensional  metal.  The  photoconductivity  of  poly  (g-phenylene  vinylene) 
films  have  also  been  investigated  between  photon  energies  of  6  eV  and  0.6  eV, 
and  in  the  temperature  range  of  100K  -  400K. 

The  photoconductivity  threshold  at  2.45  eV  coincides  with  the  absorption 
edge.  Carrier  generation  appears  to  be  an  extrinsic  process  where  photons 
create  excitons  rather  than  unbonded  electron-hole  pairs.  Free  charge  carriers 
are  not  produced  until  the  excitons  interact  with  the  film  surface. 

Measurements  of  transient  photocurrent  have  shown  that  only  the  holes  ar  emobile 
with  a  mobility  of  about  lO-^cm^/Vs  at  room  temperature.  The  mobility  is  ther¬ 
mally  activated  and  typically  dispersive. 

b.  Processing  of  PPV  (Karasz,  FMI) 

A  continuous  process  has  been  developed  to  produce  oriented  PPV  in  a  repro¬ 
ducible  and  controllable  manner.  This  work  has  involved  scale-up  of  the  PPV 
precursor  polymer  synthesis,  development  of  continuous  or  semi-continuous 
solvent  casting  operations,  and  the  development  of  a  continuous  film  stretching 
operation.  The  web  stretching  device  exploits  the  temporary  plasticization 
effected  by  the  rapid  evolution  of  volatiles  accompanying  thermal  elimination  of 
the  precursor  polymer.  In  this  process,  precursor  film  is  passed  over  a  heated 
roller  where  it  is  softened  and  stretched  before  passing  over  a  second  heated 
roller  which  is  proceeding  at  a  faster  rate.  The  draw  ratio  is  determined  by 


the  ratio  of  the  speeds  of  the  two  rollers.  The  total  line  speed  is  determined 


by  the  speed  of  the  second  roller.  The  temperature  of  the  first  heated  roller 
determines  the  degree  of  plasticization  (rate  of  volatilization).  Other  factors 
which  affect  processing  behavior  are  the  contact  angle  between  the  film  and  the 
first  heated  roller  and  the  distance  between  the  rollers. 

Under  a  given  set  of  processing  conditions  a  processing  window  relating  roll 
temperature  to  draw  ratio  can  be  established.  A  further  goal  of  this  work  has 
been  to  describe  the  deformation  sustained  by  the  material  as  it  is  oriented.  A 
full  description  of  the  deformation  (strain  tensor)  during  the  process  has  shed 
light  on  the  mechanism  of  orientation  in  this  novel  process.  The  correlation  of 
molecular  orientation  with  key  properties  such  as  electrical  conductivity  rests 
on  the  assumption  that  the  deformation  (and  hence  orientation)  is  homogeneous 
throughout  the  film.  Molecular  orientation  has  been  measured  using  infrared 
dichroism.  To  use  IR  dichroism  successfully  as  a  probe  of  molecular  orientation 
one  must  possess  a  system  with  strong,  narrow  and  well-separated  absorbances. 

The  dipole  transition  moments  of  these  absorbances  in  PPV  makes  angles  with  the 
molecular  axis  (chain  direction)  which  are  both  well  defined;  PPV  represents  an 
ideal  system  for  dichroism  studies. 

c.  PPV  Blends  (Karasz) 

Poly(phenylene  vinylene)/poly(ethylene  oxide)  blends  have  been  prepared 
under  a  variety  of  conditions  to  yield  highly  conducting  materials 
(100-300  S/cm)  upon  either  chemical  or  electrochemical  doping.  Accelerated 
doping  rates  and  enhanced  conductivities  relative  to  those  of  pure 
poly(phenylene  vinylene)  were  observed  for  blends  over  a  wide  range  of  com¬ 
positions,  and  have  been  attributed  to  improved  dopant  transport  as  a  result  of 
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blending.  The  electrical  properties  of  the  doped  materials  have  been  related  to 
the  chemical  compositions  of  the  blends  and  the  morphologies  observed  using 
optical  microscopy. 

The  blends  of  electroactive  PPV  and  electroinactive  PEO  can  be  prepared  by 
casting  from  common  solvents  for  PEO  and  the  PPV  precursor.  The  phase  separated 
morphology  of  the  blends  consists  of  large  spherulitic  structures,  micron-size 
disordered  phases,  and  sub-micron  dispersed  phases,  depending  on  the  blend  com¬ 
position  and  casting  conditions. 

In  light  of  the  results  obtained  in  this  investigation,  we  can  divide  the 
morphological  and  electrical  behavior  of  the  PPV/PEO  system  into  three  distinct 
composition  regimes.  At  extremely  low  PPV  content  (less  than  10  wt  %)  a  spheru¬ 
litic  morphology  is  formed  which  resembles  pure  PEO;  the  PPV  constituent  in  this 
regime  does  not  form  a  continuous  phase  and  although  it  may  be  effectively 
doped,  the  macroscopic  conductivity  remains  insulating  or  at  best  lightly  semi¬ 
conducting  (up  to  10-3  S/cm).  The  second  regime  extends  from  10  wt  %  to  60  wt  % 
PPV  and  is  characterized  by  a  spherulitic  morphology  in  which  the  PPV  domains 
are  excluded  into  interfibri  1  lar  regions  forming  a  highly  connected  network.. 
Materials  in  this  range  can  be  doped  very  quickly  to  high  conductivity  (>100 
S/cm).  The  third  regime  consists  of  materials  containing  greater  than  60  wt  % 
PPV.  Materials  in  this  region  are  flexible  and  tough  containing  highly 
dispersed  PEO  domains  in  a  PPV  matrix.  In  this  region  the  PEO  constituent  is 
still  effective  in  accelerating  chemical  doping,  however  it  is  less  effective  in 
accelerating  electrochemical  doping.  Electrical  conductivities  in  this  regime 
reach  a  maximum  greater  than  200  S/cm,  Figure  4. 
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A  second  series  of  PPV  containing  blends  with  an  inactive  carrier  species 
has  been  obtained  using  inorganic  silica  polymers  using  sol-gel  polymerization 
techniques.  These  have  proved  to  be  extremely  effective  materials  from  a  non¬ 
linear  optical  property  point  of  view.  They  will  be  discussed  in  Section  3, 
below. 

d.  Poly  2,5-dimethoxy  phenylene  vinylene  (Karasz) 

Poly(2,5-dimethoxy  phenylene  vinylene),  PDMPV,  has  been  efficiently 

electrochemical ly  cycled  between  the  doped  and  undoped  state.  The  electrical 
conductivity,  a,  of  perchlorate-doped  PDMPV  depends  markedly  on  the  doping 
level,  y,  and  follows  approximately  the  relationship  a  a  y^.  EPR  has  been  used 
to  characterize  the  magnetic  properties  of  PDMPV.  Nascent  PDMPV  is  devoid  of 
spins  whereas  a  narrow  (<0.5G),  intense  signal  evolves  upon  doping.  The  line 
narrowing  and  the  dependence  of  line  width  upon  doping  level  is  accounted  for  by 
three  dimensional  spin  exchange.  Electronic  absorption  spectra  taken  in  situ 
during  electrochemical  doping  of  PDMPV  show  absorption  bands  at  6.05,  4.11,  4.84 
and  3.70  eV  due  to  localized  molecular  states,  and  a  broad  band  at  2.43  eV, 
which  may  be  described  in  terms  of  an  exciton  model.  Upon  electrochemical 
doping  two  additional  bands  appear  at  1.77  eV  and  0.62  eV. 

e.  Electrical  Conductivity  (Hallock) 

The  temperature  dependence  of  the  D.C.  electrical  conductivity  of  PPV  which 
has  been  doped  with  ASF5  has  been  investigated.  We  find  spectacular  agreement 
with  the  conductivity  model  based  on  variable  range  hopping  for  thin  film 
samples  which  have  been  aged  by  exposure  to  air.  Under  other  circumstances,  the 
conductivity  obeys  a  temperature  dependence  which  has  not  been  previously 
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reported,  Tk,  and  calls  for  a  new  model  of  such  conduction.  Observations  from 
4.2  K  to  room  temperature  have  been  completed  for  a  variety  of  doping  conditions 
and  a  variety  of  "aging"  conditions.  All  the  studies  have  been  carried  out  with 
material  drawn  by  Foster  Miller  Corporation.  The  work  was  predominantly  with 
stretched  material  made  with  various  values  of  the  draw  ratio,  X.  The  in-plane 
conductivity  parallel  to  the  stretch  direction  as  well  as  the  conductivity  per¬ 
pendicular  to  the  stretch  direction  were  measured. 

For  this  sample  we  can  also  test  for  agreement  with  the  three  dimensional 
variable  range  hopping  model.  We  observe  that  the  agreement  with  the  model  is 
limited;  the  agreement  is  not  nearly  as  good  over  the  full  temperature  range  as 
that  seen  in  aged  samples  of  lower  conductivity.  From  the  studies  of  the  tem¬ 
perature  dependence  of  the  conductivity  which  we  have  done  to  date  we  conclude 
that  for  low  conductivity  samples  (no  matter  how  the  conductivity  reached  those 
low  values)  we  generally  observe  the  conductivity  to  obey  the  variable  range 
hopping  model.  High  conductivity  samples  which  retain  their  conductivity  even 
after  exposure  to  air  demonstrate  a  conductivity  which  has  a  temperature  depen¬ 
dence  which  is  not  consistent  with  the  variable  range  hopping  picture  over  the 
full  temperature  range  of  the  studies;  rather,  the  dependence  appears  to  follow 
a  JH  law. 

f.  Microwave  Properties  of  PPV  (Stephan) 

Although  a  heavily  doped  sample  of  PPV  is  primarily  an  absorber  at  microwave 
and  millimeter  wavelengths,  a  small  fraction  of  the  incident  energy  is 
transmitted  if  the  sample  is  thin  enough.  The  resulting  power  transmission 
coefficient,  although  very  small  (typically  <10-3)  can  be  measured  with  preci- 
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sion  by  an  automatic  network  analyzer.  By  itself,  the  transmission  coefficient 
is  insufficient  to  allow  calculation  of  both  the  index  of  refraction  n  and  the 
absorption  coefficient  a.  However,  for  the  doped  materials  under  study  the 
entire  absorption  can  be  attributed  to  the  conduction  mechanism,  and  assuming  a 
nominal  value  for  n  leads  to  an  estimate  of  the  equivalent  microwave  conduc¬ 
tivity  of  the  sample. 

Waveguide  measurements  of  doped  PPV  samples  having  thicknesses  of  14  ym  and 
37  ym  were  performed  in  the  18-26  GHz  range.  Date  taken  initially  showed  an 
average  conductivity  in  the  40-80  ohm^cm-1  range,  which  is  consistent  with  DC 
measurements  on  other  similarly  treated  samples.  In  addition,  an  effort  to 
develop  open-resonator  techniques  for  the  measurement  of  low-loss  polymer  films 
was  initiated  with  the  URI  program.  The  open-resonator  technique,  although 
potentially  much  more  precise  than  the  waveguide  technique  for  low-loss 
materials,  requires  large,  flat  samples  if  diffraction  and  scattering  are  to  be 
avoided.  We  have  been  working  at  two  different  frequency  ranges:  35  GHz  and 
94  GHz.  While  our  instrumentation  is  in  place  for  35  GHz,  the  samples  must  be 
at  least  5  cm  in  diameter.  An  undoped  PPV  sample  this  size  was  measured,  but 
losses  were  so  high  that  the  measurement  precision  was  severely  degraded.  The 
value  of  n  obtained  (2.4)  could  be  in  error  by  as  much  as  ±  50%.  A  machine- 
stretched  undoped  sample  was  also  studied  and  although  its  narrow  dimension  pre¬ 
vents  a  measurement  at  35  GHz,  it  is  large  enough  to  use  at  94  GHz  where  smaller 
sample  sizes  are  useable. 

g.  Mechanistic  (Lahti,  Karasz) 

A  reaction  mechanism  involving  base  attack  on  the  precursor  disulfonium 
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xylene  to  form  a  ylide,  with  subsequent  EjcB  1,6-elimination  of  a  thioether  to 
generate  the  actual  monomer  (a  terminally  substituted  para-xylylene) ,  followed 
by  dimerization  and  radical  propagation  has  been  postulated.  There  are  four 
points  of  special  interest  in  the  polymerization  chemistry:  ylide  formation, 
xylylene  formation,  mode  of  propagation,  and  absence  of  true  termination  steps. 
The  aim  has  been  to  accumulate  instrumental  and  chemical  evidence  bearing  on 
each  of  these  four  aspects. 

It  is  believed  that  an  anionic  addition  process  is  the  most  likely  mode  of 
propagation.  Evidence  for  a  radical  mechanism  is  lacking,  and  experiments  with 
meta-a,a'bi s(d ial kyl  sulfonium)  xylenes  indicate  that  the  propagation  does  not 
proceed  by  Sfj2  (ylide  displacing  a  thioether  at  another  site).  Evidence 
favoring  anionic  propagation  is  the  fact  that  acid  terminates  the  reaction  (note 
that  acid  should  also  terminate  monomer  xylylene  production).  It  has  been  shown 
that  benzaldehyde  present  at  initiation  prevents  polymerization,  but  apparently 
assumed  that  was  due  to  reaction  with  monomer  precursor;  no  attempt  at  using  it 
as  an  end-capping  agent  to  terminate  propagation  by  a  chain-end  ylide  has  been 
reported. 

Other  work  also  found  an  increase  in  viscosity-average  molecular  weight 
with  the  addition  of  equimolar  amounts  of  base  and  monomer  precursor  to  reaction 
mixture  that  has  already  gone  to  completion.  In  other  words,  a  true  termination 
of  chain  growth  is  absent.  This  is  also  consistent  with  an  anionic  mechanism 
for  chain  growth,  since  living  polymers  typically  propagate  by  anionic  mecha¬ 
nisms. 

h.  Deuterium  NMR  (Karasz) 
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The  simulation  of  deuterium  quadrupole  echo  NMR  spectra  has  provided  data 
which  support  an  empirical  two  component  Gaussian  distribution  of  crystallite 
orientations  in  PPV.  The  narrow  component  of  the  distribution  has  a  width  at 
the  1/e  points  of  9.5°  while  the  broader  component  has  a  width  of  30°.  Spectra 
show  evidence  of  phenylene  ring  tilt  relative  to  the  crystallite  c  axis,  though 
the  angle,  7.7°,  is  less  than  the  9.1°  predicted  for  the  sti Ibene- 1 i ke  PPV 
crystal  structure.  This  smaller  tilt  provides  evidence  for  chain  disorder 
within  PPV  crystallites. 

The  observed  chain  distribution  is  similar  to  the  Kratky  distribution  pre¬ 
dicted  for  pseudo-affine  deformation  (X=3.3)  and  the  orientation  function, 
f=0.95  is  somewhat  less  than  that  usually  obtained  from  infrared  measurements 
with  protonated  films.  Infrared  dichroism  measurements  of  these  films  agree 
with  the  NMR  data,  so  it  is  possible  that  these  films  are  less  ordered  than 
similarly  prepared  protonated  material.  In  general  a  direct  comparison  of 
infrared  dichroism  data  and  NMR  data  has  benefited  the  interpretation  of  results 
of  both  methods. 

The  precision  which  has  been  obtained  in  the  simulation  of  the  narrow  com¬ 
ponent  of  the  PPV  line  shape  has  resulted  from  the  particular  geometry  of  the 
phenylene  ring.  The  60°  orientation  of  C-D  bonds  relative  to  the  ring  axis  pla¬ 
ces  these  bonds  close  to  54.7°,  the  "magic  angle",  relative  to  the  magnetic 
field.  At  this  angle  the  magnetic  field  is  highly  sensitive  to  small  changes  in 
the  orientation  distribution.  Also,  the  spectrum  of  an  oriented  ring  is  comple¬ 
tely  different  from  the  Pake  doublet  line  shape  of  an  isotropic  distribution, 
making  it  possible  to  characterize  the  broad  component  of  the  distribution 
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separately  from  the  narrow  component. 

This  study  of  deuterium  NMR  results  have  conveniently  provided  information 
about  chain  order  and  structure  from  a  material  with  rigid  phenylene  rings. 

Many  high  performance  polymers  contain  rings  which  can  be  isotopically  labelled, 
and  these  methods  are  potentially  applicable  to  the  study  of  structure  of  these 
material s  as  wel 1 . 

3.  NON  LINEAR  OPTICAL  POLYMERS 

The  basis  for  these  studies  has  been  the  PPV  series  of  polymers,  its  deriva¬ 
tives  and  copolymers,  and  blends  of  these  with  inactive  carrier  species. 

Our  strategy  has  teen  to  cooperate  in  this  sub-program  with  FMI  in  research 
on  the  important  processing  step  of  these  materials  and  with  Professor  Prasad 
(SUNY  Buffalo)  in  the  actual  measurements  of  the  characteristic  optical  parame¬ 
ters.  Results  from  these  interactions  are  then  used  to  modify  or  emphasize  par¬ 
ticular  points  in  the  sub-program. 

Thus  PPV  films  made  by  a  specially  designed  apparatus  capable  of  applying 
uniform  extension  under  carefully  controlled  conditions  has  been  found  to  be 
amongst  the  most  optically  active  polymers  yet  produced.  In  the  stretch 
direction,  values  for  x(3)  of  5x10'^  have  been  observed.  Biaxially  oriented 
films  have  also  been  produced  (by  two  techniques)  which  have  also  high  x(3)’s. 
Preliminary  results  of  these  experiments  have  recently  been  published  [Polymer, 
1988]  or  are  in  press. 

While  PPV  has  now  been  proven  to  have  a  high  intrinsic  x(3),  the  practical 
problem  of  obtaining  reproducible,  low-loss,  optical  quality  films  has  proved 
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difficult.  We  have  now  overcome  this  by  using  blends  of  PPV  with  intrinsically 
low  loss  silica  glass.  To  accomplish  this  advantage  has  been  taken  of  the  fact 
that  PPV  is  produced  from  a  water-soluble  precursor  and  that  silica  glass  can  be 
conveniently  obtained  by  a  low  temperature  sol-gel  route.  This  serendipitous 
combination  (again,  in  collaboration  with  Professor  Prasad)  has  produced 
PPV/Si02  films  which  have  very  recently  been  demonstrated  to  have  the  desired 
combination  of  high  x(3)  activity  and  low  scattering.  [A  patent  application  for 
this  material  was  filed  on  February  20,  1989]. 

As  has  been  indicated,  PPV  derivations  have  also  been  examined.  These 
include  the  2,5-dimethoxy  derivative  of  PPV  and  copolymers  of  the  substituted 
and  unsubstituted  materials.  The  production  of  adequate  quality  films  of  high 
orientation  has  again  proved  to  be  difficult,  but  has  been  achieved  in  a  few 
cases . 

4.  ADVANCED  ULTRASTRUCTURE  POLYMERS  (Karasz,  MacKnight) 

The  basis  for  this  sub-program  has  been  the  discovery  that  the  high  tem¬ 
perature  polymer,  polybenzimidazole  (PBI),  is  miscible  with  a  number  of  polyimi- 
des  (PI)  under  certain  conditions.  In  addition  a  second  class  of  high 
temperature  polymer  blends,  containing  polyimides  and  certain  polysul fones ,  has 
also  been  discovered. 

The  focus  of  the  sub-program  has  therefore  been  the  elucidation  of  the  mole¬ 
cular  bases  for  these  unexpected  miscibilities,  the  characterization  of  the 
blends,  and  the  establishment  of  a  theoretical  basis  for  predicting  other 
possible  blend  systems  of  interest. 
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a.  Polybenzimidazole/Polyimides  (Karasz,  MacKnight) 

An  AFOSR/DARPA  project  (1984-87)  at  UMass  led  to  the  discovery  of  the  misci¬ 
bility  of  polybenzimidazole  (PBI)  and  a  series  of  polyimides.  The  molecular 
basis  for  the  miscibility  has  been  studied  by  means  of  FTIR  and  solid  state  NMR. 
An  obvious  possibility  is  the  presence  of  hydrogen  bond  interactions  between  the 
relevant  moieties  in  the  two  constituent  polymers.  This  has  been  confirmed  in 
the  FTIR  work.  Model  low  molecular  weight  components  have  been  used  in  the  NMR 
study  of  interactions  between  imidazole  and  imide  groups.  In  addition  FTIR  stu¬ 
dies  of  deuterated  PBI  and  Pi's  has  shown  the  importance  of  these  interactions. 

These  investigations  have  been  closely  coordinated  with  the  development 
program  for  PBI/PI  systems  under  way  at  Hoechst-Celanese.  Interactions  with 
other  industrial  research  laboratories  interested  in  this  system,  Lockheed  and 
G.E.  (Jet  Engine  Division),  have  been  implemented. 

Hydrogen  bonded  carbonyl  and  NH  bonds  revert  to  their  corresponding  posi¬ 
tions  in  the  pure  polymers  when  thermally  induced  phase  separation  occurs.  The 
phase  separation  temperatures  are  quantitatively  consistent  with  the  earlier 
results.  Thus  PBI  and  Ultem  mixtures  form  what  is  apparently  a  single  phase 
miscible  blend  when  prepared  from  solution  by  either  film  casting  or  co¬ 
precipitation.  However  these  studies  show  that  over  a  rather  wide  range  of  com¬ 
positions  these  blends  revert  to  two  phases,  consisting  essentially  of  the  two 
constituents,  when  allowed  to  do  so  by  heating  to  a  tempaerature  at,  or  close 
to,  the  blend  Tg.  Even  outside  this  composition  range  where  equilibrium  beha¬ 
vior  may  be  anticipated,  thermal  reversibility  in  terms  of  phase  separation  and 


rehomogenization  is  not  observed.  This  is  presumably  due  to  the  highly  viscous 
nature  of  the  constituent  polymers  which  cannot  be  compensated  for  experimen¬ 
tally  by  heating  to  a  higher  temperature  because  of  chemical  reaction.  The 
thermal  and  spectroscopic  measurements  are  in  reasonable  accordance  with  respect 
to  this  phase  behavior;  in  addition  the  latter  data  provide  persuasive  evidence 
of  extensive  hydrogen  bonding  in  the  blends. 

Results  from  solid  state  (magic  angle)  NMR  of  PBI/polyimide  blends  have 
provided  positive  evidence  for  miscibility,  and  they  support  the  conclusion  that 
miscibility  is  the  result  of  a  specific  hydrogen  bond  between  the  phthalimide 
carbonyl  of  the  polyimide  and  the  imidazolic  N-H  bond  of  PBI.  Blending  of  PBI 
broadens  this  resonance,  principally  in  the  downfield  direction,  and  a  downfield 
carbonyl  chemical  shift  is  consistent  with  the  development  of  a  fraction  of  car¬ 
bonyl,  N-H  hydrogen  bonds.  PBI/polyimide  blends  are  amorphous,  and  only  a  frac¬ 
tion  of  the  carbonyls  undergo  hydrogen  bond  interaction.  Only  a  fraction  of  the 
carbonyl  resonances  are  shifted  downfield. 

Evidence  for  miscibility  in  this  blend  also  comes  from  the  measurement  of 
Tt  through  the  CPMAS  contact  time.  The  TL  associated  with  the  polyimide 
changes  from  14  msec  to  10  msec  upon  blending  with  PBI.  The  values  of  ^  for 
the  PBI/Ultem  1000  blend  are  similar. 

The  URI-sponsored  research  has  focused  on  the  basic  molecular  charac¬ 
terization  of  these  systems:  the  effect  of  variations  in  chemical  structure, 
and  the  possible  application  of  our  copolymer  theory  to  enhance  and  tailor 
miscibilities  (in  terms  of  LOST 1 s )  to  optimize  the  materials.  We  have  also  been 
involved,  as  part  of  the  collaboration,  in  developing  solutions  for  problems 


that  have  appeared  in  the  development  phase.  The  most  important  of  these  has 
been  an  emerging  knowledge  of  the  thermo-oxidative  sensitivity  of  the  PBI/PI 
blend.  A  basic  research  program  to  elucidate  the  nature  of  the  degradat.ive 
reactions  involved  has  been  set  up. 
b)  PES/PI 

Blends  of  an  aromatic  polyethersul fone,  and  a  polyimide  which  is  the  con¬ 
densation  product  of  3,3' ,4,4'-benzophenone  tetracarboxyl ic  dianhydride  and 
5(6)-amino-l-(4l-aminophenyl)-l,3,3'-trimethylindane,  were  studied  by  differen¬ 
tial  scanning  calorimetry,  dynamic  mechanical  analysis  and  rheological  tech¬ 
niques.  The  blends  are  mi scible  over  the  whole  range  of  compositions  when  cast 
as  films  or  precipitated  from  solution  in  different  solvents.  After  annealing 
above  the  apparent  phase  boundary  the  blends  Irreversibly  phase  separate 
indicating  that  the  phase  boundary  does  not  represent  a  true  equilibrium  tran¬ 
sition.  A  "processing  window"  was  found  for  blends  containing  up  to  20  wt  % 
polyimide.  Rheological  measurements  in  this  range  of  compositions  indicated 
that  blending  polyethersul fone  with  polyimide  increases  the  complex  viscosity 
and  the  elastic  modulus  of  the  blends.  For  blends  containing  more  than  10  wt  % 
polyimide,  rapid  changes  in  the  rheological  properties  were  observed  at  tem¬ 
peratures  above  the  phase  boundary.  These  changes  may  be  consistent  with  the 
formation  of  a  network  structure  due  to  pahse  separation  and/or  crosslinking. 
Blends  containing  less  than  10  wt  %  polyimide  exhibited  stable  rheological  pro¬ 
perties  after  heating  at  320°C  for  20  min  indicating  the  existence  of  ther¬ 
modynamic  equlibrium.  A  patent  application  has  been  filed. 
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5.  NOVEL  MACROMOLECULAR  ARCHITECTURE  AND  CHARACTERIZATION 


a.  Monolayer  Structures  (McCarthy) 

Polystyrenes  containing  one  terminal  thiol  group  (PS-SH)  were  allowed  to 
adsorb  on  evaporated  gold  films  supported  on  glass.  The  resulting  supported 
films  were  characterized  by  X-ray  photoelectron  spectroscopy,  external  reflec¬ 
tance  infrared  spectroscopy  and  scintillation  counting  of  radioisotope-labelled 
polymers.  The  polymers  adsorb  rapidly  and  irreversibly  and  the  polymer  mono- 
layers  can  be  washed  with  fresh  solvent  without  desorption.  The  effects  of 
molecular  weight  and  concentration  on  adsorbance  were  determined  for  PS-SH. 

Thus  polystyrene  containing  a  terminal  thiol  group  PSx-SH,(Mn  =  1000-200,000) 
adsorbs  to  gold  under  conditions  that  polystyrene  does  not.  At  higher  molecular 
weight  (Mn  =  500,000)  adsorption  does  not  occur.  Film  thickness  varies  with 
molecular  weight  and  concentration  in  a  fashion  similar  to  the  way  polystyrene 
film  thickness  varies  when  unmodified  polystyrene  adsorbs  from  a  poor  solvent. 

b.  Monolayer  Spectroscopy  (Hsu) 

We  have  adapted  a  most  sensitive  differential  polarization  technique  to 
obtain  infrared  spectra  of  thin  polymer  films  on  external  substrates.  In  addi¬ 
tion,  based  upon  the  theoretical  analysis  developed  last  year  we  have  been  able 
to  quantitatively  interpret  the  vibrational  spectra  obtained.  Our  polarization 
modulation  reflection  technique  modulates  the  two  incident  radiations  to  such 
high  frequencies  that  their  differences  can  be  directly  obtained  by  phase 
synchronization  techniques,  thereby  improving  the  signal  to  noise  ratio  by 
several  orders  of  magnitude. 


We  have  given  particular  attention  to  chemi -adsorbed  PS  and  their  block 
copolymers  bonded  to  gold  substrate  surfaces.  These  samples  are  definitively 
bound  to  the  metallic  surfaces  and  the  coverage  is  uniform,  since  one  or  more 
sulfur  functionalizations  have  been  carried  out  by  Professor  McCarthy's  stu¬ 
dents.  The  adsorptions  have  been  carried  out  from  good  solvents  so  that  all  of 
the  physi-adsorbed  polymers  have  been  washed  off.  From  x-ray  photoelectron 
spectroscopic  experiments,  we  find  that  the  thickness  of  the  modified  PS  film  is 
approximately  20  A.  The  signal/noise  ratio  of  our  date  is  so  high  that  even  the 
combination  bands  near  1800  cm-1  are  cleanly  resolved.  The  generally  weak  con¬ 
formational  ly  sensitive  bands  in  the  mid-infrared  region  have  also  been 
detected.  We  have  also  found  explicit  evidence  of  the  sulfide  end  caps.  It  is 
somewhat  surprising  that  this  functional  group  was  observed  since  their  con¬ 
centration  is  not  expected  to  be  high.  We  may  have  observed  a  particular  inten¬ 
sity  enhancement  due  to  the  proximity  of  the  functional  group  to  a  conductive 
medium,  such  as  observations  that  have  been  found  for  surface  enhanced  Raman 
spectra.  This  is  of  significant  interest  from  a  purely  spectroscopic  viewpoint. 
It  should  also  be  emphasized  that  the  relative  intensities  of  the  bands  observed 
are  different  from  transmission  data.  It  has  been  speculated  that  the  orien¬ 
tation  of  the  aromatic  ring  can  occur  quite  differently  depending  on  chain  con¬ 
formation  and  orientation.  These  observations  may  be  the  most  concrete  evidence 
for  such  structural  differences. 

c.  Diffusion  in  Constrained  Media  (Langley,  Karasz) 

Comparative  measurements  have  been  made  of  the  diffusion  of  star  and 
linear  polymers  in  rigid  media  containing  random,  well-connected  pores  with 


narrow  pore  size  distributions,  see  Figure  8.  For  a  given  confinement  X^j, 
defined  as  the  ratio  of  the  hydrodynamic  radius  of  the  polymer  to  the  pore 
radius,  molecular  architecture  was  found  to  affect  the  hindered  diffusion.  At  a 
given  X^,  star  polymers  diffuse  more  slowly  than  linear  polymers,  with  the  8-arm 
star  polymer  diffusing  more  slowly  than  the  4-arm  star  polymer.  A  scaling  para¬ 
meter  k  has  been  calculated  which  relates  the  hydrodynamic  radius  to  an  equiva¬ 
lent  hard  sphere  radius.  For  a  given  polymer-solvent  system,  the  value  of  k  is 
independent  of  the  parameters  characterizing  the  porous  glass  and  is  thus  found 
to  depend  only  on  the  molecular  architecture.  The  effective  radius  of  a  linear 
polymer  is  found  to  be  smaller  than  the  bulk  solution  value  R^.  As  the  number 
of  arms  increases,  the  effective  radius  approaches  the  bulk  solution  value. 

There  is  also  an  indication  that  the  polymer-solvent  system  affects  the  value  of 
k,  as  seen  by  the  differences  between  the  polyisoprene-TD  and  polystyrene-2FT 
systems. 

In  summary,  the  length  scale  characterizing  the  hydrohynamic  effects  of 
constraining  walls  on  polymer  diffusion  is  not  the  hydrodynamic  radius  derived 
from  diffusion  in  dilute  unbounded  solution.  The  equivalent  hard  sphere  radius 
depends  on  molecular  architecture  the  stiffness  of  the  polymer  chain  and 
polymer-solvent  interaction. 

In  the  case  of  strongly  confined  linear  chains,  up  to  the  highest  molecular 
weight  and  confinement  probed  by  these  data,  no  clear  power  law  dependence  of  DM 
on  molecular  weight  was  found.  This  agrees  with  the  predictions  of  computer 
simulations,  though  the  porous  medium  used  here  is  uniform  as  compared  to  the 
truly  random  porous  structure  developed  in  the  simulations.  Our  data  also  indi- 


cate  that  the  presence  of  an  additional  length  scale  in  the  porous  network  plays 
an  important  role  in  the  diffusion  of  strongly  confined  chains. 

d.  Ultrastructural  Morphology  (Thomas) 

Our  work  over  the  past  two  years  has  concentrated  on  studies  of  the  packing 
and  organization  of  macromolecules  at  the  molecular  and  supramolecular  levels. 
Research  utilizes  high  resolution  electron  microscopy  (HREM)  for  the  study  of 
crystalline  polymers  such  as  poly(p-phenylene  vinylene)  and  poly  (p-xylylene) 
and  conventional  TEM  and  small  angle  x-ray  scattering  techniques  for  the 
investigation  of  amorphous/amorphous  diblock  copolymers  such  as 
polystyrene/polyi soprene.  the  polymers  studies  are  both  model  systems  and  tech¬ 
nically  interesting  materials  in  their  own  right.  In  additon  to  fundamental 
research  on  polymeric  materials  we  have  also  made  signifacnt  contributions  in 
the  theory  and  practice  of  digital  image  analysis. 

e.  Structure  of  Crystalline  Polymers  (Thomas) 

Poly  (p-phenylene  vinylene)  (PPV),  is  a  conjugated  polymer  which  becomes 
highly  electrically  conducting  when  treated  with  certain  dopants.  We  have 
investigated  the  crystalline  structure  and  packing  defects  in  oriented  PPV  film 
using  x-ray  and  electron  diffraction.  Our  more  rectn  work  concerns  the  crystal- 
crystal  phase  transofmation  induced  by  dopants  such  as  AsF5,  SbF5  and  H2S04. 

The  crystalline  phase  of  the  doped  materials  are  all  similar  in  struture, 
displaying  orthorhombic  unit  cells.  The  detailed  structure  involves  an  alter¬ 
nating  layer  arrangement  of  PPV  chains  separated  by  chemical  dopant  species.  We 
also  used  dark  field  microscopy  to  establish  the  size,  shape  and  orientation  of 
the  new  conducting  phase.  Of  special  interest  was  the  nucleation  of  the  con- 


-28- 


ducting  phase  at  the  grain  boundaries  of  the  PPV  phase. 

Small,  less  than  one  micron  diameter,  thin  (10  nm)  chain  folded  crystals  of 
poly  (p-xylylene)  (PPX)  can  be  grown  from  dilute  solution  in  alpha  methyl 
naphthalene.  We  have  investigated  (110)  and  (130)  twin  boundaries  in  monoclinic 
PPX  crystals  using  HREM  and  elctron  diffraction.  Since  the  chains  are  inclinded 
to  the  lamellar  surface  normal,  a  three-dimenstional  "roof- like"  structure  of 
the  two  twin  compoenets  arises.  Multiple  twins  and  coalesced 
monoclinic/hexagonal  polymorph  bycrystals  are  also  described  by  the  basic  twin 
model.  The  work  clearly  demonstrates  the  quite  general  principal  of  chain  axis 
invariant  twinning. 

f.  Image  Processing  (Thomas) 

Our  efforts  in  digital  image  analysis  have  been  motivated  by  our  success  in 
obtaining  very  high  resolution  images  of  crystalline  polymers  (~  0.2  nm).  But 
because  polymers  suffer  radiation  damage,  the  signal  to  noise  ratio  of  our  HREM 
images  is  less  than  can  be  achieved  than  in  the  case  of  metallic  and  ceramic 
samples,  thus  we  have  spent  considerable  time  developing  appropriate  image  pro¬ 
cessing  algorithms  so  as  to  best  utilize  signal  averaging  in  a  bias-free  manner 
to  improve  the  avialable  high  resolution  detail  from  our  micrographs.  In  two 
papers  we  have  written  on  signal  processing  of  aperiodic  images  (e.g.  images  of 
crystalline  regions  containing  defects  such  as  dislocations,  twin  boundaries 
etc.)  are  now  in  press  and  while  our  applications  are  specific  to  polymer 
science,  the  approach  is  quite  general  and  should  prove  useful  in  other  areas  of 
physical  and  biological  science  where  one  needs  to  rescue  nonperiodic  sginals 
from  noise. 
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g.  Structural  Investigations  of  Block  Copolymers  and  Block  Copolymer/Homopolymer 
Blends  (Thomas) 

The  main  goals  in  this  area  were  to  establish  if  the  ordered  bicontinuous 
double  diamond  (OBDD)  morphology  occurred  in  both  the  polyisoprene-rich  region 
of  the  A/B  diblock  temperature-composition  diagram  and  to  explore  the  tem¬ 
perature  dependence  of  the  OBDD  morphology  in  the  weak  segregation  limit  (i.e. 
near  the  microphase  separation  transition.  Our  previous  work  showed  the  OBDD 
morphology  occurred  for  a  composition  window  of  62-66  volume  %  polystyrene  (PS) 
in  linear  PS/PI  diblock  copolymers.  A  series  of  PS/PI  diblocks  were  prepared 
from  20-40%  PS  with  typical  molecular  weights  (Mn)  in  the  range  of  20,000  - 
80,000.  The  OBDD  morphology  was  indeed  found  over  the  window  of  28-33  volume  % 

PS  for  samples  in  the  strong  segregation  limit  (high  Mn).  Thus  the  morphology 
diagram  has  7  regimes  dependent  on  the  composition.  The  slight  asymmetry  about 
the  50/50  composition  is  likely  due  to  the  difference  in  density  and  Kuhn  sta¬ 
tistical  step  length  for  PS  and  PI.  In  addition  to  the  composition  dependence, 
a  new  transition  between  ordered  microdomain  types  was  observed  at  constant  com¬ 
position.  A  transition  from  the  cylindrical  phase  to  the  OBDD  took  place  at 
64.5%  PS  when  the  Mn  was  increased  from  23,000  to  39,000.  This  demonstrates 
that  the  morphology  diagram  depends  on  temperature  and  Mn  in  the  weak  segrega¬ 
tion  limit  and  should  provide  stimulus  for  impoved  theories  of  the  order- 
disorder  phase  transition. 

Other  work  still  in  progress  addresses  the  effects  of  molecular  architecture 
on  spherical  micelle  formation  in  diblock  copolymer/homopolymer  blends.  The 
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dependence  of  critical  micelle  concentration,  micelle  core  and  corona  size  on  mole¬ 
cular  weight,  arm  number,  composition  and  concentration  of  diblock  are  being 
investigated  with  particular  attention  to  whether  the  inner  or  outer  arm  block 
is  aggregating  species. 

h.  New  Polymer  Research  at  W.S.U.  (Feld) 

Substituted  PBT/NLO  Synthesis 

The  concept  of  reinforcement  on  the  molecular  level  using  intrinsically 
rigid-rod  polymers  represents  one  of  the  most  exciting,  emerging  technologies  in 
the  field  of  structural  materials.  Considerable  research  effort  in  recent  years 
has  been  directed  toward  the  development  of  new  structural  materials  having  low 
density,  high  strength,  high  modulus,  and  long-term  retention  of  these  proper¬ 
ties  at  elevated  temperatures. 

Poly(berizothiazole)  (PBT)  and  its  derivatives  have  been  found  to  be  a  type 
of  polymeric  materials  that  exhibits  a  high  degree  of  molecular  order,  thermal 
stability,  and  can  be  fabricated  into  items  of  high  strength  and  modulus.1  In 
addition,  PBT  has  been  spun  into  highly  oriented  fibers  that  have  tensile  moduli 
greater  than  2000  g/denier  and  tenacities  greater  than  20  g/denier.2 

The  realization  of  ultrahigh  mechanical  properties  from  an  organic  polymer 
depends  on  the  cooperation  of  numerous  factors  such  as  chemical  structure,  mole¬ 
cular  weight,  method  of  synthesis,  and  the  characteristic  of  processing  and 
sol  utility.  The  object  of  this  research,  therefore,  was  the  preparation  of  a 
nr.w  type  of  aromatic,  heterocyclic,  rigid-rod  molecule,  a  poly(benzothiazole) 
with  pendants  perpendicular  to  the  parent  polymer  chain. 
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In  addition,  PBT  has  been  shown  to  exhibit  a  significant  nonlinear  optical 
(NLO)  response.  The  generation  of  substituted  (fixed  orientation  and  identity) 
PBT  derivatives  and  their  precursors  was  also  an  object  of  this  research. 

The  goals  of  one  part  of  the  synthesis  effort  have  been  (1)  to  synthesize  a 
series  of  2-phenylbenzothiazole-4,7-dicarboxylic  acids,  by  way  of  the 
corresponding  methyl  substituted  compounds,  with  various  substituents  on  the 
2-phenyl  substituent  and' (2)  to  correlate  structure  with  NLO  response,  and  (3) 
to  investigate  the  polymerization  of  the  diacids  with  2,5-diamino-l , 
4-benzenedithiol  dihydrochloride  (DABDT). 

PBT  Compressive  Strength  Synthesis:  Block  Copolymer 

Poly(benzothiazole)  (PBT)  and  related  polybenzazole  systems  exhibit  excep¬ 
tionally  high  strength  and  high  modulus  but  low  compressive  strengtn.  One 
approach  to  this  problem  is  to  sacrifice  some  modulus  to  gain  compressive 
strength.  It  was  proposed  than  an  ABA  triblock  polymer  with  rigid  A  blocks  and 
flexible  B  block  could  provide  a  balance  between  modulus  and  compressive 
strength.  All  components  must  have  high  thermal  stability,  resistance  to  acid 
(PPA),  and  be  amenable  to  subsequent  reaction.  The  identity  and  length  of  the  A 
and  B  blocks  has  been  and  is  currently  under  invesitgation. 

The  use  of  star  or  multichain  polymers  offers  a  synthetic  pathway  for  the 
synthesis  of  the  flexible  B  section  of  the  ABA  (Rigid-Flexible-Rigid)  triblock 
polymer.  Star  polymers  are  synthesized  by  the  use  of  an  RAf  or  RBf 
(multifunctional)  monomer  and  an  AB 


AB(AB)nA--R— A(BA)nBA 


-32 


monomer.  Star  polymers  exhibit  narrower  molecular  weight  ranges  when  compared 
to  systems  involving  AA  and  BB  monomers  in  condensation  polymerizations.  The 
higher  the  functionality,  f,  of  the  multifunctional  center,  the  narrower  the 
molecular  weight  range  of  the  polymer  produced.  Because  only  AA  or  BB  (f=2) 
monomers  are  being  considered  for  the  multifunctional  center,  the  narrowing 
effect  will  be  minimal.  The  termination  of  the  resultant  multichain  polymer, 
the  flexible  B  section,  dictates  the  identity  of  the  AA  or  BB  monomer  chosen. 
Because  this  investigation  is  centered  on  polymers  composed  only  of  benzoxazole 
or  benzothiazole  units,  carboxyl  terminations  are  indicted.  It  seems  unlikely, 
but  not  entirely  impossible,  that  the  o-aminothiol  or  o-aminophenol  function 
would  survive  the  rigors  of  PPA  polymerization.  The  AA  (multifunctional) 
monomer  will  therefore  be  a  diacid. 

The  goals  of  this  part  of  the  synthetic  effort  were  (1)  the  synthesis  of  an 
AB  rigid-rod  monomer,  and  (2)  the  polymerization  of  the  AB  monomer  alone  and 
with  preformed  non- rigid- rod  ABPBO  or  ABPBT. 


i.  Substituted  Polyimidazoles  at  W.S.U.  (Kane) 


The  interest  in  N.N'-di-substi tuted  polydenzodi imidazoles  is  to  a  large 
extent  based  on  the  expectation  that  the  substituents  would  improve  solubility 
properties  of  the  rigid-rod  systems.  This  has  been  realized  to  the  extent  that 
the  polymers  are  soluble  in  formic  acid.  Plans  have  included  placing  different 
substituents  (including  flexible  and  even  aliphatic  groups)  on  each  nitrogen  in 
the  polymer  repeat  unit  with  the  intention  of  reducing  the  symmetry  and  there¬ 
fore  improving  solubility.  The  ground  work  for  synthesis  of  the  requisite 


tetraamines  has  already  been  established  with  the  synthesis  and  characterization 
of  intermediates.  Reaction  of  these  with  another  primary  amine  would  provide 
the  precursor  for  the  desired  unsymmetrically  substituted  tetraamine  monomers. 

The  two  stage  synthesis  suggested  by  Korshak's  work  was  examined  in  order  to 
take  advantage  of  the  well  known  efficiency  of  polyaramid  forming  low  tem¬ 
perature  condensation  polymerizations  between  ai-acid  chlorides  and  di  func¬ 
tional  primary  amines.  The  precursor  polyamide  would  then  establish  the  chain 
length  for  the  polybenzodi imidazole  systems.  However,  the  data  clearly  shows 
that  the  molecular  weights  of  the  polyamides  are  disappointingly  low.  Even  poly¬ 
mers  which  because  of  their  Kevlar  like  structure  would  be  expected  to  have  con¬ 
siderably  higher  inherent  viscosities  than  observed  in  the  current  project. 

In  the  process  of  attempting  to  derivatize  the  tetraamines  prepared  in  this 
project,  it  was  observed  that  they  all  degrade  rapidly  in  the  presence  of  HC1 . 
This  observation  suggests  that  ttv  MCI  by-product  of  the  polycondensation  reac¬ 
tion  upsets  the  stoichiometry  of  the  reaction  by  promoting  degradation  of  the 
tetraamine  monomers.  Thus,  it  appears  rather  self-defeating  to  pursue  this  two- 
stage  synthetic  route  to  the  desired  polybenzodi imidazoles .  Thus  we  have 
explored  alternative  routes,  for  example,  condensation  of  the  tetraamines  with 
bi  s-aldehydes  to  form  the  intermediate  poly-amis.  Ail  of  the  model  compounds 
have  been  submitted  to  the  Polymer  Branch  for  evaluation  of  their  non-linear 
optical  properties. 
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6.  NEW  PROCESSING  TECHNOLOGY 

a.  Computer  Vision  A.  I.  Techniques  of  Polymer  Processing  (Riseman,  Malone, 
Karasz) 

This  project  (now  terminated)  has  demonstrated  the  feasibility  of  using  com¬ 
puter  vision  techniques  and  optical  microscopy  to  follow  the  kinetics  and 
microstructure  during  spinodal  decomposition  of  a  polymer  blend.  Among  other 
features,  the  mean  of  the  population  of  the  local  maxima  of  the  gradients  in 
each  image  has  been  computed;  this  global  feature  was  shown  to  co-devel^p  with 
the  phase  separation  of  the  blend.  An  algorithm  was  developed  which  employs  the 
gradient  magnitude  technique  to  analyze  optical  images  of  spinodally  decomposing 
polymer  blends.  This  algorithm  has  been  used  to  extract  the  Cahn-Hi 1 1 iard  spi¬ 
nodal  growth  rates  for  a  binary  blend  of  polystyrene  with  poly(vinyl  methyl 
ether).  We  have  shown  that  the  spinodal  temperature  can  be  found  from  the 
temperature  dependence  of  this  growth  rate,  and  how  additional  shape  features 
such  as  compactness  might  be  used  to  study  the  same  binary  blend. 

We  have  described  an  algorithm  to  study  specifically  the  interface  region  in 
a  spinodally  decomposing  blend.  A  particular  population  of  concentration  gra¬ 
dients  is  suggested  that  (a)  co-developes  with  the  process  in  its  early  stages, 
(b)  can  be  used  to  characterize  and  follow  its  kinematics,  and  (c)  might  be 
potentially  useful  in  process  control  and  automated  polymer  processing,  since 
microcircuits  can  be  fabricated  to  perform  much  of  the  analysis.  The  con¬ 
centration  gradient  magnitude  is  obtained  by  methods  known  as  "low-level 
vision",  developed  in  the  field  of  computer  vision  and  image  understanding.  The 


algorithm  was  testd  by  analyzing  simulated  images  of  spinodal  decomposition  in  a 
binary  blend  of  polystyrene  and  poly(vinyl  methyl  either).  We  have  experimen¬ 
tally  obtained  microscopy  video  images  of  a  PS/PVME  blend  above  its  lower  criti¬ 
cal  solution  temperature  (LCST).  The  resulting  Cahn-Hilliard  spinodal  growth 
rates  were  compared  with  the  literature  values. 

More  recent  results  have  focused  on  designing  and  testing  algorithms  with 
increased  flexibility  and  robustness.  This  was  necessary  because  microscope 
images  of  the  blends  in  the  early  stages  of  phase  separation  have  poor  contrast, 
and  the  early  stages  of  the  phase  separation  cannot  be  interpreted  adequately 
with  more  conventional  techniques.  Our  new  algorithms  identify  the  boundaries 
of  phase  regions  in  images  of  phase-separating  blends,  by  identifying  image 
points  where  the  first  derivative  of  the  intensity  attains  a  local  maximum, 
taking  into  account  contextual  information  from  neighboring  boundary  segments 
and  exploiting  estimates  of  the  background  noise  in  the  image.  This  has  a 
number  of  advantages  over  the  previous  approach,  principally  an  improved  rejec¬ 
tion  of  false  edges.  We  have  successfully  tested  the  algorithm  on  a  new  series 
of  images  for  our  model  PS/PVME  blend,  as  well  as  on  past  image  sequences  of 
other  blends.  Using  the  new  algorithms,  we  have  also  verified  that  a  previously 
used  measure  -  the  average  value  of  the  gradient  of  the  image  intensity  at  the 
identified  edge  points  -  remains  a  good  numerical  characterization  of  the  phase 
separation  process  for  the  new  image  sequence,  and  is  a  good  candidate  for  a 
control  variable. 

b.  Advanced  Processing  Techniques  for  High  Performance  Multicomponent 


Polymeric  Systems  (FMI) 
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Under  subcontract  to  UMass,  Foster-Miller  has  developed  equipment  and  proce¬ 
dures  to  uniaxial ly  orient  extended  conjugated  polymers  such  as  polyphenylene 
vinylene.  Foster-Miller  also  has  processed  high  performance  polyimides  and 
their  blends,  and  multicomponent  sol-gel  microstructures.  Foster-Miller  has 
mechanical  testing,  characterization,  bonding  and  fabricating  test 
these  high  performance  polymer  films. 
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